The Sudbury Neutrino Observatory (SNO) is a 1000-tonne heavy wa- 
. These experiments probe different parts of the solar neutrino energy spectrum, and show an energy dependence in the observed solar neutrino flux. These observations can be explained if the solar models are incomplete or neutrinos undergo flavor transformation while in transit to the Earth.
The Sudbury Neutrino Observatory 9 was constructed to resolve this solar neutrino puzzle. It is capable of making simultaneous measurements of the electron-type neutrino (ν e ) flux from 8 B decay in the Sun and the flux of all active neutrino flavors through the following reactions:
The charged-current (CC) reaction on the deuteron is sensitive exclusively to ν e , and the neutral-current (NC) reaction has equal sensitivity to all active neutrino flavors (ν x ; x = e, µ, τ ). Elastic scattering (ES) on electron is also sensitive to all active flavors, but with reduced sensitivity to ν µ and ν τ .
Because of its equal sensitivity to all active neutrinos, the neutral-current measurement can determine the total neutrino flux, hence resolving the Solar Neutrino Problem, even if neutrinos oscillate. 10 SNO is currently the only experiment that can simultaneously observe the disappearance of ν e and the appearance of another active species.
This is illustrated in Figure 1 . Another feature of the neutral-current interaction is its low kinematic threshold. By efficiently counting the free neutrons in the final state of the neutral-current reaction, the total active 8 B neutrino flux can be inferred for neutrinos with energy above the 2.2-MeV kinematic threshold.
Recent results 11, 12 from the measurements of the solar 8 B neutrino flux by the SNO detector using the CC, NC and ES reactions are presented in this paper. The results
13
of a measurement of the day-night asymmetry of the neutrino event rates, which is predicted under certain neutrino oscillation scenarios, are also presented. Finally, the physics implications of these observations will be discussed. A non-imaging light concentrator is mounted on each PMT, extending the total photocathode coverage to 55%. An additional 91 PMTs are mounted facing outward on the support structure to serve as a cosmic-ray veto. To cancel the vertical components of the terrestrial magnetic field, 14 horizontal magnetic compensation coils were built into the cavity wall. The maximum residual field at the PMT array is <19µT, and the reduction in photo-detection efficiency is about 2.5% from the zero-field value.
A physics event trigger is generated in the detector when there are 18 or more PMTs exceeding a threshold of ∼0.25 photo-electrons within a coincidence time window of 93 ns. All the PMT hits registered in the ∼420 ns window after the start of the coincidence time window are recorded in the data stream. This widened time window allows scattered and reflected Cherenkov photons to be included in the event. The mean noise rate of the PMTs is ∼500 Hz, which results in ∼2 noise PMT hits in this 420 ns window. The instantaneous trigger rate is about 13-20 Hz, of which 5-8 Hz are physics triggers. The remaining triggers are diagnostic triggers for monitoring the well being of the detector. The trigger efficiency reaches 100% when the PMT multiplicity (N hits )
in the event window is ≥23.
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XXX SLAC Summer Institute (SSI2002), Stanford, CA, 5-16 August, 2002 Figure 2: A cross-sectional view of the SNO detector. The outer geodesic structure is the PMT support ("PSUP"). 
Solar Neutrino Physics Program at SNO
The solar neutrino physics program at SNO is designed to exploit its unique NC capability. Because the result of this NC measurement is a definitive statement on the Solar Neutrino Problem and flavor transformation of solar neutrinos, the SNO experiment has implemented a plan to make three independent NC measurements of the total 8 B active neutrino flux.
The first NC measurement was made with a pure D 2 O target. The free neutron from the NC interaction is thermalized, and for ∼30% of the time, a 6.25-MeV γ ray is emitted following the neutron capture by a deuteron. Only ∼50% of the 6.25-MeV observed photopeak is above the neutrino analysis threshold, yielding a detection efficiency of ∼15%. The results from this NC measurement is presented in this paper.
The second NC measurement is being made with 2 tonnes of NaCl added to the D 2 O.
The free neutron is readily captured by 35 Cl in this detector configuration, and a cascade of γ rays with a total energy of 8. 
Solar Neutrino Analysis at SNO
The data presented in this paper were recorded between November 2, 1999 and May 28,
2001
. The corresponding livetime is 306.4 days. During this data acquisition period, the Sun was above the detector's horizon ("day" data set) for 128.5 days, and below the detector horizon ("night" data set) for 177.9 days. The target was pure D 2 O during this period. Figure 3 summarizes the analysis procedure for extracting the CC, NC and the ES event rates in the SNO detector. In the following, each step in the analysis flow is discussed in detail.
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XXX SLAC Summer Institute (SSI2002), Stanford, CA, 5-16 August, 2002 Figure 3: Simplified flow chart of solar neutrino analysis at SNO.
Data Reduction and Data Loss
After removing all the detector diagnostic triggers from the data stream, a significant portion of the remaining events are instrumental backgrounds. Examples of these backgrounds include electrical discharges in the PMTs ("flashers") and light emission from discharges in insulating detector materials. Data reduction schemes were developed to remove these backgrounds.
Pass 0 Cut
The instrumental backgrounds have characteristic PMT time and charge distributions that are significantly different from Cherenkov light, and can be eliminated using cuts based on these distributions. For example, the discharge light emitted from a flasher PMT is detected across the detector ∼70 ns after the initial discharge is registered.
Some of these light-emitting instrumental backgrounds are localized near the water piping near the top of the detector. Veto PMTs were installed in this region in order to enhance the rejection efficiency of these non-Cherenkov events. Interference in the TTH01 XXX SLAC Summer Institute (SSI2002), Stanford, CA, 5-16 August, 2002 electronics system can produce false events. Most of the registered electronic channel charges in these interference events are near the pedestal, and can be removed by a cut on the mean charge of the fired PMTs. Some of these electrical discharge or electronic interference background events also have different event-to-event time correlations from physics events, and time correlation cuts are used to remove these events.
Two independent instrumental background rejection schemes are used. An event-byevent comparison of the data sets reduced by these two schemes shows a difference of <0.2%. 
High Level Cuts
After passing the instrumental background cuts, all events with N hits ≥30 (∼3. The total signal loss from the Pass 0 and the high level cuts are calibrated with the 16 N and the 8 Li sources. Because of the difference in the energy spectrum and spatial distribution for CC, ES and NC events, there is a slight difference in the data loss due to the Cherenkov likelihood cut for the different detection channels. Table 2 summarizes the physics acceptance after the Pass-0, reconstruction and high level cuts for the three neutrino detection channels.
The residual instrumental background contamination in the neutrino signal after the series of instrument background cuts is estimated by a bifurcated analysis, in which the signal contamination is obtained from cross calibrating the background leakage of two groups of orthogonal cuts. For the same fiducial volume and energy threshold, the instrumental background contamination is estimated to be <3 events (95% C.L.), or 0.1% of the final neutrino candidate data set. Table 3 summarizes the sequence of cuts that are used to reduce the raw data to 2928 neutrino candidate events.
Reconstruction and Energy Calibration
After all the instrumental background cuts have been applied to the data, energy and data set. These cuts rely upon event reconstruction and detector energy calibration, which we will discuss in the following.
Analysis step Number of events

Reconstruction
The calibrated times and positions of the fired PMTs are used to reconstruct the ver- The energy estimator uses the same input parameters (e.g. optical parameters) as the Monte Carlo. It assigns an effective kinetic energy T eff to each event based upon its position, direction and the number of hit PMTs within the prompt (unscattered) photon peak. For an electron of total energy E e , the derived detector energy response can be parameterized by a Gaussian: where E eff =T eff +m e , and the energy resolution is given by σ E (E e ) = −0.0684 + 0.331 E e − m e + 0.0425(E e − m e ) MeV.
Energy Estimator
The systematic uncertainty on this absolute energy calibration is found to be ±1.2%, which results in neutrino flux uncertainties of Table 7 .
A second energy estimator using N hits is employed for validation purposes. These two energy estimators give consistent results in the neutrino flux measurement.
Neutron Efficiency
For the NC measurement of the solar neutrino flux, the probability that a neutron produced in the NC interaction will capture on deuterium and the detection efficiency of the 6.25-MeV γ ray emitted following the neutron capture have to be determined. The TTH01 XXX SLAC Summer Institute (SSI2002), Stanford, CA, 5-16 August, 2002 capture probability depends on the isotopic abundances of various nuclei in the heavy water and the relevant capture cross sections for each. Near the boundary of the AV, the capture cross sections for neutrons in acrylic and light water become important as well. The detection efficiency of the 6.25-MeV γ ray can be readily deduced from the 16 N calibration data, since the latter produces predominantly 6.13-MeV γ rays.
Three different methods are used to calibrate the capture efficiency: a method which directly counts the number of neutrons measured with a 252 Cf source and compares to source expectations, a purely analytic calculation compared to Monte Carlo, and a multiplicity measurement which extracts the efficiency statistically from the distribution of the number of detected neutrons per fission.
The primary approach to measuring the capture efficiency is the "direct counting"
method, in which the number of neutrons detected during a source run is compared to the total number expected to be generated by the source based on the known decay rate. This analysis was performed on 252 Cf source data taken at various locations in the detector. Because the 252 Cf source is not a triggered source, non-neutron backgrounds associated with the source and the detector were handled using reconstruction and instrumental background cuts, with a proper accounting of the associated acceptance of these cuts in the efficiency measurement. In Figure 7 the neutron capture efficiency on deuterium as a function of radial distance from the center of the detector is shown.
The capture efficiency on deuterium for NC events is found to be 29.90 ± 1.10%, and when the fiducial volume cut of 550 cm and energy threshold cut of T eff > 5.0 MeV are included, the overall detection efficiency is 14.38 ± 0.53%. The uncertainties on these numbers contribute a relative uncertainty of 3.68% in the extraction of the NC signal in the present analysis.
The analytic calculation uses known cross sections and isotopic abundances of the Table 4 : The target radio-purity levels for different components in the SNO detector.
expression
where P (d) is the probability to detect d neutrons per unit time given that r neutrons were generated according to Poisson statistics for the 252 Cf fission rate λ and the known 252 Cf multiplicity per fission (mean µ = 3.79 ± 0.006 and width σ 2 = 1.57 ± 0.02).
In this case, both the source fission rate λ and the neutron detection efficiency are derived from a maximum likelihood fit. The results from this approach and the direct counting approach are consistent.
Low Energy Backgrounds
Low levels of 232 Th and 238 U can be found naturally in all materials. The SNO detector has been designed with very stringent radiopurity targets for different components in the detector. can potentially photodisintegrate a deuteron:
The free neutron in the final state is indistinguishable from that in the NC signature. In Figure 8 shows the general strategy of the low energy background analysis. In the following, we shall discuss the analysis techniques mentioned above in more details. 
Photodisintegration Background
Acrylic Vessel Radioactivity
Prior to the construction of the acrylic vessel, neutron activation analyses were done on samples of the acrylic panels used in the vessel. These results, along with that of a dust density measurement on the vessel subsequent to its construction, indicate that the radioactive load of the acrylic vessel to be 7.5± Table 5 is a summary of the photodisintegration background for the data set used in this analysis. In this table, we have also listed the contributions from other sources of neutron backgrounds. Some of these are cosmic ray events and atmospheric neutrinos.
To reduce these backgrounds, an additional neutron background cut imposed a 250-ms veto (in software) following every event in which the total number of PMTs which registered a hit was greater than 60. The contribution from these additional sources are very small compared to the photodisintegration background.
Cherenkov Tail Background
Low energy backgrounds from Cherenkov events in the neutrino signal region were evaluated by using acrylic encapsulated sources of U and Th deployed throughout the detector volume and by Monte Carlo calculations. In the following, we discuss how this class of background is determined for different origins of radioactivity.
Cherenkov Tail Background from D 2 O Radioactivity
The Cherenkov tail background arising from internal radioactivity in the D 2 O were statistics at the intended neutrino analysis threshold (T eff =5 MeV). In order to overcome this, the analysis was proceeded at a lower energy (T eff =4 MeV) and then extrapolated to 5 MeV. The basic assumptions here are that there is no correlation between R 3 and energy, and that the reconstruction does not get worse with higher energy. The R 3 fit was performed for the range 1.02 < (R/600) 3 < 2.31. Figure 12 shows the results of this R 3 fit. The band shown in this plot is the range of the systematic uncertainties. The data points are not centered in this band because the systematic uncertainties are not normally distributed. Table 5 is a summary of the Cherenkov tail background (T eff >5 MeV) in the fiducial volume (R <550 cm.) for the pure D 2 O phase of the experiment.
Several consistency checks of this external Cherenkov tail analysis were performed.
The radial PDF for H 2 O background was compared to the radial distribution of a radon spike during a water circulation pump failure. This is shown in Figure 13 . The expected Table 6 : Summary of Cherenkov tail background (E >5.5 MeV) in the fiducial volume (R <550 cm.) for the pure D 2 O phase of the experiment. The high energy γ background contribution in the fiducial volume is included in the PMT βγ entry.
background rate in Table 6 was also checked against the Monte Carlo calculations and the results of a simultaneous fit of ν signals and backgrounds in N hits , R 3 and angular correlation to the Sun. All these results are consistent.
Signal Extraction
In order to test the null hypothesis, the assumption that there are only electron neutrinos in the solar neutrino flux, the extended maximum likelihood method is used in extracting the CC, ES and neutron (i.e. NC+background) contributions in the candidate data set. Background contributions are constrained to the measured values discussed above. The undistorted 8 B spectrum from Ortiz et al. 28 is assumed in the signal decomposition. Data distributions in T eff , the volume-weighted radial variable (R/R AV ) 3 where R AV = 600 cm is the radius of the acrylic vessel, and cos θ are simultaneously fitted to the probability density functions (PDFs) generated from Monte Carlo simulations. cos θ is the angle between the reconstructed direction of the event and the instantaneous direction from the Sun to the Earth. This distribution is shown in Figure 14 (a) for the analysis threshold of T eff ≥ 5 MeV and fiducial volume selection of R ≤ 550 cm, where R is the reconstructed event radius. The forward peak (cos θ ∼1) arises from the strong directionality in the ES reaction. The cos θ distribution for the CC reaction, before accounting for the detector response, is expected to be (1-0.340cos θ ). The CC and ES results reported here are consistent with our earlier results 11 for T eff ≥6.75
MeV. The excess of the NC flux over the CC and ES fluxes implies neutrino flavor transformations. * We note that this rate of neutron events also leads to a lower bound on the proton lifetime for "invisible" modes (based on the free neutron that would be left in deuterium 30 ) in excess of 10 28 years, approximately 3 orders of magnitude more restrictive than previous limits. 31 The possible contribution of this mechanism to the solar neutrino NC background is ignored.
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XXX SLAC Summer Institute (SSI2002), Stanford, CA, 5-16 August, 2002 A direct test of the null hypothesis, i.e. there are only ν e in the solar neutrino flux, can be readily performed with a simple change of variables:
where φ e is the flux of the electron component, φ µτ is the flux of non-electron component, and =0.1559 is the ratio of the elastic scattering cross sections for ν µτ and ν e above the kinetic threshold of 5 MeV. Assuming an undistorted 8 B energy spectrum, a maximum likelihood extraction using these transformed variables gives the fluxes of the electron and non-electron components as: Figure 15 shows the flux of non-electron flavor active neutrinos vs. the flux of electron neutrinos deduced from the SNO data.
The three bands represent the one standard deviation measurements of the CC, ES, and NC rates. The error ellipses represent the 68%, 95%, and 99% joint probability contours for φ e and φ µτ .
Removing the constraint that the solar neutrino energy spectrum is undistorted, the signal decomposition is repeated using only the cos θ and (R/R AV ) 3 information. 
Day-Night Analysis
The solar neutrino flux results presented above provide strong evidence for neutrino fla- values of the mixing parameters, spectral distortions and a measurable dependence on solar zenith angle are expected. 34, 35, 36 This solar zenith angle dependence might be caused by interaction with the matter of the Earth (the MSW effect) and would depend not only on oscillation parameters and neutrino energy, but also on the neutrino path length and e − density through the Earth.
To look for this distinctive signature of neutrino oscillation, a solar neutrino flux analysis similar to that described above was performed for two solar zenith angle θ z bins: θ z > 0 ("day") and θ z < 0 ("night"). During the development of this analysis, the data were partitioned into two sets of approximately equal livetime (split at July 1, 2000), each having substantial day and night components. Analysis procedures were refined during the analysis of Set 1 and fixed before Set 2 was analyzed with the same procedures. The latter thus served as an unbiased test. Unless otherwise stated, the analysis presented in the following is for the combined data set.
For each neutrino interaction channel, the asymmetry ratio (A) of the measured day flux (φ D ) and night flux (φ N ):
was determined. Figure 16 shows the day and night energy spectrum for all the accepted events above the kinetic energy threshold of 5 MeV and inside the fiducial volume of the inner 550 cm. In the extraction of the neutrino fluxes, backgrounds were subtracted separately for the two zenith angle bins. The results were then corrected for the orbital eccentricity by normalizing to an Earth-Sun distance of 1 AU. Table 8 Table 9 gives the systematic uncertainties on the asymmetry parameters.
Systematic checks were made on a set of signals that are continuously present in the detector in order to look for any diurnal variation in the detector response. These studies include livetime verification using the detector diagnostic triggers (pulsed at 5 Hz), variation in the observed muon rate, variation in the detector response to the muon-induced secondary neutrons, variation in the detector response to the radioactive hotspot on the acrylic vessel, and a neutrino signal extraction based on an east-west division instead of a zenith angle division. These studies do not show any significant diurnal variation in the detector response. In the study of the diurnal variation of the radioactive hotspot, a limit of 3.5% on the rate asymmetry was determined. Because of its steeply falling energy spectrum, a 0.3% limit was set for the diurnal variation of the detector's energy scale.
The asymmetry ratio in the ν e flux A e and the total active neutrino flux A total can be readily determined by a change of variables in the signal extraction (see Sec. 3.5). The analysis presented in this paper is also the first direct measurement of the daynight asymmetries in the ν e flux and the total neutrino flux. When combining the day and night energy spectra from SNO with results from other solar neutrino experiments in a global 2-ν flavor analysis of the MSW oscillation parameters, the LMA solution is strongly favored and the "dark side" (tan θ >1) is excluded.
In the coming years, SNO will continue to make significant contributions to solar neutrino physics by refining the neutral-current measurement and the day-night asymmetry with different experimental techniques. It will also attempt to look for other possible signatures of neutrino oscillation (e.g. spectral distortion) and other rare processes (e.g. nucleon decays, anti-ν) in its future physics program. 
